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‘The Lowest_Triplet'Statevof.Substituted Benzenes:
III. Optically Detected Megnetic Resonance Studies on the Jxr* State

of lé2,h;5-tetrabromobenzene and‘l,E,h,S-tetrachlorobenzene.

by
' N . . *
A. H. Francis -and C. B. Harris

Department of Chemistry, Un1vers1ty of Callfornla, and
Inorganlc Materials Research Div1s1on, Lawrence Berkeley Iaboratory

Berkeley, California 9&720

ABSTRACT

The-optically detected magnetic resonance_(ODMR) in zero field and
~ the phosphorescencé microwave double resonance (PMDR) spectra of 1,2,k4,5-
tetrabromobenzene and 1,2,k4, 5-tetrachlorobenzene have been obtained
monltorlng the low temperature (l 3°K) phosphorescence from both trap
- emission in neat 31ngle crystals and emission from a durene host. From;
.the PMDR the major v1bron1c features of the spectra are assigned. The
orbital symmetries in the excited tripletvstate, the principal and “
. . secondary contributions from the individual triplet spin sublevels to
-the electronic andhvibronic‘origins in phosphorescence, the spin.sub_

level populations and lifetimes are determined. In addition the spin
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Hamiltonian parameters including'the zero-field splittings, Br and Cl
excited state nuclear quadrupole coupling consténts are presented and
interpreted. Finally, the relationship between spin_sublevel‘agtivity

in phosphorescence, Franck-Condon maxima in emission and molecular dis-

[ . .
' ' |
tortions are discussed. , ‘




I. INTRODUCTION

A c§néiderable amount ofvinformatioh has beén'generatéd by spec-
tfoécopist:and theorist aiike qoncérning the properties of planar aromatics
‘and aiaéiomﬁtics in excited triplét states. Early investigations cenfered
aroﬁnd bénzehé, dealing prigcipally with the classification of:the orbital
symmétfy”of the lowest triplet statel Although there was some disagree-
nient.va.mong'experimenﬁalistsl as to the statebthat givés risé to the weak
~phosphorescence activity, most théorists2 generall& agrged that in behzene
*tﬁe'ldwest'exgited state was 3Blu. Similar disagreement exists among
spéctroscqpists ébouf the lowest triplet states and excited staté geometry
in halogenated bénzénes.3’u Although the possible'foutes by which‘electricv
dipole allowed charact?r can be mixed into the triplet spin sublevels were
eluéidatéd by Albrecht,5 experimental confirmationiof the triplet orbitai
symmetry_in benzene and substituted benzenes has not, until recently, been
generaliy possible; Tb unémbiguously,aésign the triplet orbital‘symmetry
reduireé a knowlédge_of thé magnetic orientatioﬁs and spin-orbiﬁ symmetfies
éf the triplet_spin'sublevels.- Since the zeroth order wavefunctions for
each triplet spin sublevel tranéform as thevdirectvproduct'of the irredu—
cible representations of spatial and-Spin functions, knowledge of'either
the‘spin-orbit symmetry of all three spin_éugievels or both.the'magnétig
orientation and spin-orbif symmetry of one sublefel'is reéuiréd.for an
orbital_assignmenti A techﬁique which has recentiy been develdbed té_
prdvideifhe necessary information abott theiiripiet_spin sublévels is optically: B

detected magnetic'resonancef(ODMR).6, In addition to providing parameters E

assdciated'with the electron distribution in excited states such as the



zero-field;splittingé, the_electron-nuclear hypéifi

hé‘ahd the nuéleér
quadrupole éoupling constdnts, itvhas been utilized to'déte¥miﬁeﬁ£hé | -
rates ahd routes of intramolecular energy tranéfer:7’8’9 In this manner .
nét only can the s&mmetries of the indiVidual.spin sublevels be detér-
mined but the relative importance of the specificirduteé by which dipole
activity,iévmiiéd info the triplét spin sublevels can be assessed. The
techniQues have been'applied quantitativeiy piincipally,by van der Waals
and Schmidﬁ;lo Ed—Sayéd8 andbb& Harrisll’12_and:cd-workers usihg optipal_‘
, . 13 o

detection, and by Schwoerér and Siil ' using conventional ESR techniques.

As part of a general investigation of the prdperties of the lowest
excited triplet sfate of halogeﬁated Benzenes, bbnsiderable progféés hasv o é
been achieved in characterizing the electron‘distribution and thevofbital_ :
symmetry;and elucidating-the_radiative routés‘for electronic rela#ation.
In thélfirst two papers ’}h in this seriés paradichlorbbenzéne_was
extensi&ely studied. 1In tﬁe following, the te£fahaldbenzenes are investi-
gated.x-Speéifically the'resﬁitsvof phbsfhorescence microwave-doubie
resonance (PMDR) studies’” obtained for 1,2,4;S-tetrabromobgnzene (TBB)
and l,2,h;S-tetrachlorébenzene (TCB) neat and doped in a duréne host

are presented.
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A. Sample Preparation

.U.": L ‘ '3'»

IT. EXPERIMENTAL

/

TCB and TBB were purified by extensive zone refining (200 passes

.t approximately 1 cm/hour){ A single crystal of the B phase of TCB

was prepared frdm.the zoneérefined materiallby standard Bridgeman .
v : s ) _16
v 2h’’

188°K TCB converts to & triclinic PI o phase with two molecules perfuhit
ce11. 17518519

techniQues. The B phase.is monoclinic P21/a (c however belcw.,v
The preSencevof a high temperature phase transition in
TBB prevented preparation'of single crystals by Bridgeman methods. The
crystals tend to shatter as they paSs through the phaseftransition.

The material iniﬁially crystallized in its Y‘ﬁhase, monoclinic PQl/a

20

(C5,) With two molecules per unit cell.”" Single crystals of the B

phase could be ebtained from CS. solution as platelets elohgated along °

the ¢ crystallographic axis showing (110)‘faces;18

ICB and TBB were also studied ie‘a dureﬁe‘host lattice. Mixed
crystaiseof approxiﬁately l% m/m were‘prepared by the Bridgeman method
uSing‘cemmefcially available zone-refined durene supplied by Eastman.
The doped durene crystals were cut parallel to the (010) plane and the
cryst&l.brientations were determined coniscopically and ferified by

x-ray diffraction using the precession method. The single crystals were

mounted in the appropriate orientation inside a slow wave microwave helix

affixed to a section of rigid 50 {} coaxial cable. The entire assembly

Was suspended in a liquid He dewar which couldvbe pumped to a‘temperature

of 1.3°K. The crystals were slowly (~ 2 hr) cooled to'77°K to prevent

cracking from thermal shock.



Thé.phosphorescence'spectra were obtained:by placing the exciting
source, a 3/4 meter Jarrell-Ash scanniné monochrometerieqnipped with an
EMI 9856-QB thermoelectrically cooled photomultiplier'and sample in'a -
90° configuration.v All phosphorescence spectra ‘and PMDR spectra were
obtained u81ng as an ex01t1ng source the 3100 R region of & PEK lOO watt
Xe-Hg high pressure short arc. The absorption spectra of TBB were ob-
tained by passing a Xe continuum (75 watt PEK Xe lamp) through & pin hole

i

_1n an alumlnum plate over Whlch a Single crystal was mounted.

B. Optically Detected Magnetic Resonance and PMDR Spectra

The zero-field optically detected magnetic resonance (ODMR)iof TCB
and TBB were obtained monitoring the unpolarized phosphorescence from';i
the appropriate crystals at 1;3°K. The microwaves ‘were supplied by a
Hewlett Packard sweep generator, amplified by a 20 watt TWT and termi—

,nated in the 50 {! coaxial llne The microwaves were amplltude modulated

at 5 Hz/sec with a pin modulator at a modulation depth greater than 30 db. -

The output of the photomultiplier was phase detected using a PAR HR- 8
lock-in amplifier. - Other details of the experimental arrangement are
essentially those reported by Buckley and Harris.lh | |

| . The unpolarized PMDR spectra were ohtained in a manner similar to
those reported earlierifor paradichlorobenzene;l?;lh The polarized h
PMDR spectragl'in TBB doped in durene were obtained while monitoring
emissiOn from the appropriate crystallographic face and.separating'the

polarized components w1th fused 81lica discs coated with polacoat 105 uv.

All spectra were obtained amplltude modulating the appropriate zero field ¥



~ Veeman and van der Waals.

; in Table V.

-5-

microwgvé transitions at 25 Hz/sec’ahd using phase detection techniques

~ while SCanhing the phosphorescence spectrum at 25 A/min.,

C. Adidbatic Inversion

9

The adiabatic inversion’ of the pbpulations remaining in the spin

sublevels after the exciting source has been removed was conducted at

' I.3°K'¢mploying the same procedure for adiabatic fast passage as reported

_ o o
by Harris and Hoover. 2 An optimum inversion of 85% of the sublevel

populations could be achieved with a sweep rate of 10 MHZ/BO usec and

.'microwavé power'incident on the sample of 0.03 gauss. Using the inver-

sion technique the lifetimes of all three spin sublevels for both TBB
and TCBﬂwere measured in a manner similar to that reported by Schmidt,
R : 7 .

In addition.the_relative_radiative rate

constants for the y-trap phosphorescence in the'électronic'origin and

:-the b2g vibronic origin were obtained for TCB. These data are summarized



ITT. RESULTS
The‘unpolerized (high reSolution), lla and Hc;'pOler§zed'(medium o
_resolptiop) Single crystal phosphorescence Spectiuﬁ for TBB doped. in -
durene is iilﬁstrated in Fig. 1 while:the waveiengths,.polarization 
ratios enq assignments are-tabulated in Teble i, The'opticallyedetected
zero-field microwave transitions for TBB in duiene and neat TEB are
listed in TEble Ii in terms of the cohventional zero-field parameteis
D and E. Included in Table II are the values for TCB. The 2|E| and
D—IEI optically detectedvzero-field trensifions in TBB doped in durene
were obtained monitoring the phosphoreecenee elecfronic origin and>arep_
illustrated in Fig. 2. The D+|E| transition (not shown) is eesehtially
tﬁe same._ The spectra consisted of a_ceﬁter peak7fianked by three
pairs ofpsatellitee separated from ﬁhe main'central peak by 277,.230;
and h? MHélrespectively. These satellites resﬁlt from nuclear hyperfine
and nuclearVQuadrupole couplingvof the bromine nuclei in the excited
triplet state. The details of these transitions will be discussed in
a later section. The unpolarized,'the lla polari#ed aﬁd the [le* polarized '
PMDR epectra of TBB'in durene are each illustrated.in Figures'3-5 for
the D+|E[, D-IEI and 2|E| zero-field tranéitibns respectively.,-The un-
polarized single cryétal:phosphorescence spectrum of_neat TBB at A;2°K‘
is illustrated in.Fig;v6.” The‘single crystal absorption spectrum of neat
TBB (bec facey is illustraﬁed in Fig. 7a, while the le' and o polafiiéd.
absorption spectra in the electronic origin ere'illustrated'in Fig.v7b

and 7c respectively. These spectra were obtained at 1.35°K.. The
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waveléngtﬁs corresponding to the major features of the absorption spectra

‘are tabhlated in Table ITI while the room temperaﬁure Raman frequencies

are listedrin Table.IV'along with their assignments; All transitions

in Fig. Ta were found to have about the same (+ 10%) polarization ratios

_ as?thégelectronic origin. The data illustrated in Fig. 7 were obtained

from a single crystal 0.5 mm_thick{

The o@tically detected zero-field microwave transitions in neat

. TCB for x-trap, y-trap dnd exciton emission have beeh reported eérlier

o 2 : :
by Francis and Harris, 3 while the details of the phosphorescence spectra

have been reported and discussed by George and'Morris.eh The zerQineld

transitions and phosphorescence spectra reported for TCB doped in durene ?

are eSSentially the same as those reported for neat TCB.23’21+ The PMDR
spectra for TCB (neat and doped in durene) and neat TBB are not illustrated;26

however; the pertinent information for the electronic origin, blg andbgg

~vibronic origins are listed in Table V. This data includes the optical .

‘ frequenéies, the direction and relative intensity'in the PMDR transi-

tions. Included in Table V are the relative radiative rate constants
from the individual spin sublevels and the total decay constants (1/e
values) for the three zero-field sublevels Tx’ Ty and T, as obtained

from’thé-decay-inversion experiments'outlined above. .
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IV. DISCUSSION

In the follow1ng d1scuss1on we will use the ‘convention suggested

by Mull:.ken27

for the directions associated with the molecular axes.
Both 1n TBB and TCB the z ax1s is defined along the C-H bonds, the y
axis as in- -plane along the halogen blsector and ‘the x axis as normal

to the molecular plane.f In this axis system the vectors X, Y and 2

transform respectlvely as Bsu’ B__ and Blu irreducible representations

2u

2h

form as_B3g, B2g and Blg

of the D vmolecularkpoint group and rotations around these axes trans;v

A. Interpretatlon of the PMDR Spectra and Vlbronlc Ana;ysls of TBB

in Durene

The polarlzed PMDR spectra illustrated 1n Figures 3-5 allow. one to

determlne whlch spln sublevels are prlmarlly respons1ble for the 1nten-
sity Of a particular phosphorescence transition, Consider first the
phosphorescence electronic origin. It is appareht from the data that

- its principel electric dipole activity is from absingle spin sublevel,,
Ty which is common to hoth the 2]E] ahd D+|E"Zero-field microwave
transitions,' Assuming that the spin sublevel primarily responsible for
the eiectric dipole activity of electronic oriéin is the same in the

8 ' ,
neat crystal - as in durene host2 ‘and utilizing polarization results.

in the single crystal T, « S, absorption spectrum in Fig. 7. we can_con;

clusi#ely_assign out-of-plane (x) poiarization_from Ty This‘réquires

its spih-orbit symmetry to be'BBu. The PMDR date also show that there *
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is negligible difolé activity in the electrqnic'drigin from the middle
spin StleVel Tii andlthat thé third spin sublevel, Tiii’ which is common
to both the D-|E| and D+|E|‘transitions shows & small but finite contri-
bution to the electronic'qrigin. in éddition the spin sublevel (Tiii)
fesponsible for the minor route in origin phosphqrescénce must have the
' largest:steady state population under CW excitation since the origin
phosphorgscence intensity increaseé when the 2|E| andvD+]E| transitions
are pumped énd decréaées‘whenvthe D-|E| transition‘is puﬁped.' The -
(O,-208:cm;;) transition,.however, show; an increase in bothvthe'D+lE|
~and D-IEI‘PMDR syéctra. Frdm the above,ri is established»as having the
smallestA?opﬁlation at steady sﬁatg and the populations'musf be ordered
N, < Nll< Niii for TBB doped in durene. | , ' |
Theqularization ratios in the b+|E| and DfIE{_polarizéd PMDR's
clearly>indicaﬁe theylaék of Z polarized'phoSphoféscéncé from Tiiibté‘
thé-electronic/origin; cohsequently the:spiﬁ-orbitvsymmet:yvof Tiii.
'.can be éssigned,as Beu since BBﬁ‘has been shown to be associated with
Tye 'Néturélly this assumes that durene is isomorphouély replaceq bj
TBB in the host. The high polarization_ratios_obtained are consistent
with this view and allow the separation of the z component from the x
and y components in the durene‘crystallographic spécé group.28
The remaining‘spin sublevel, Tii; may have an overalltspin—orbif,

symetry of eithér Biu 6r Au.' By analogy to benzéne and substituted
.benzenes, in which the lowest tripiet:state is believed to be 3B1u”
Tis Would.be éxpected tb have Aﬁ spin-orbit symmetry. A spin-orbit

symmetry of Blu for Tii would require the'orbital symmetyy of the
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eﬁittiﬁg tripiét to the.3Au. No assﬁmptions.néed be‘made, however, - «
since ekaminations of the poiariiéd PMDR sbectra canbuniquely'establish
g 2 Ay | |

.‘ihe'lack of any gﬁiséidﬁ to the eléctronig_origin_from Tiy is.coﬂ-
sisteht.with an Au spin-orbit state, which ié eiéétric dibole forﬁiddeh
in the D molecular point group. The site symmetry, assuming isqmofphic
repiaéément of TBB in dﬁiené,4is C;- In this point gioup thé-tiahsitioh 
from the Tii‘(Au) spih Sﬁblevel to the origin beépmes fofmally_éllqwed;
however, ,the absence of emission suggests thaﬁ ﬁhe dureﬁe hdst‘hasvlittlé
effecf on the molecular symmetry of TBB. | | |

The strongest evidenée fof the Au assignmént:of Tii is dbtainéd from

the vibronic analysis of the PMDR spectra. Tﬁe.electric'diéoie activity
of the (0,-208 cm~1) vibration can be established from the PMDR épectfa
illugtratéd in F?gs. 3-5 és érising primériiy ffcm Tig with x_ahd/or ¥y
polarizatibn and_éecdndarily'frdm 7, with z polarization exclusively,
consisfent with emission tb.é bzg vibration. -ihis éssignmenf is also
consisteht wifh the:Raman data.v'Because of favorable direction cosines
in'durene,28'the single blg vibrations can be eésily:identified in thé
polarized:emission spectra. The_blg fundamental and the ovérall blg
1

" combination bands (0,-995 em™%, 0,-1447 cm™') all show an a/c’ poiari-.

zation ratio less than unity, while all other bands show ratios greater -

than unity. We aséign the blg fundamental in the dureﬂe hosf as . e

(0,-325 cm™') in agreement with the Raman data. The large increase in1
the D-|E| polﬁrized PMDR‘parallel to z indicates that the largest

contribution to the emission intensity is from_the'Au state,_rii. This
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activ1ty can be attributed to either the b 18 or b2g vibration from the

‘ all‘spin snblevels; They are Ti: B

-11-

is further supported by, the decrease in the z polarized 2IEI PMDR. The

small 1ncrease in act1v1ty in the x and/or y polarization is cons1stent

) 'w1th a minor contribution from the T, level with v polarization. No

(-

Te s spln sublevel.

iii .
' From the above analysis we can assign the spin-orbit symmetry of
; .. A ;‘and T...: B . These

3u” il Tu iii® “au ‘
correspond to the spin sublevel spin ~orbit symmetries of a B . state.
The 3Blﬁ ass1gnment of the lowest triplet in TBB establishes that the
spin sublevels T, = T ;37.. = %', and T,.. = T_.

i y’ ii Z iii X »

The complete vibronic analysis of an emission spectrum based solely
upon polarization datafis, at best, difficult and often,impossible in
view of'depolarization'effects commonlyvobserved'in emission. The power
of the PMDR data in simplifying this task is illustrated by the analysis

in'Table I. A conv1nc1ng aSSignment of the magor vibronic features of

"the BB phosphorescence cen be made utilizing a- PMDR code which reflects

 the populations and relative radiative rate constants of the 1nd1v1dual

magnetic sublevels. - The signs +, - and o in the code indicate‘an in-
crease, decrease or indeterminate changelin the phosphorescence intensity
when the D+IEI, D- IE] and EIEI zero-field optically detected microwave :
tran51t1ons are monitored. The PMDR code is given for both polarizations
for the retio a/c'. Because all;trans1tions of the same overail symnetry
are expected to have the‘same‘code3 fundamentels_end binary cdﬂbinations
ere easily identified. In.fact all transitions listed in Table iI'hare

been assigned on this hasis with the exception of.a transition at'Qh;925 em™t



B Inférpré”cation of the TBB Single Crystal vPMbR Spectra at 1.3°K
Since the analysis of the»trép phoéphoréséehce in:neat TBB cr&stals
pérallels that of TBB in a durene hoét, we wiil éoﬁcentrate only on
severgl féatuies of partiéﬁlar interest. 'Firét;'thé similarity of the
zeio-field’parameters and PMDR spectra of TBB in durene and in ﬁeat
: crystalé is‘strong‘evidence that the order and spin-orbit sjﬁmetry of
tﬁe zero;field spin states aré.the same. The order of the population
in the sublevels under stéady state illuminatiné conditions is, however,
diffefent in neat' TBB and in a durene host. Using the unpdlarized PMDR
code obtained from neat TBB. at 1.3° K listed in Table VI for the elec—

tronlc orlgln, the bgg and blg fundamentals, we find that the populatlon

in neat TBB must be ordered Né_< N& < Nk. This is reflected by the 1n-

crease in the origin intensity in the D+|E| zero~-field transition, an
increasgbin the b2g vibronic transition in the:EIEI PMDR spectré and a
decrease in the‘2]E| PMDR spectra; 'The transitibns show behévior in.
the 2[E| PMDR pattern opposite to that in TBB doped in a durene host.
The reversal in the N& and N populations in a durene hosf is not .
_entirely unexpected since the host can have a direct effect on the rates
of popuiating and depopulating the spin §ublevels by, for exemple, heavy

30

atom effect,29 spin lattice relaxation,

31

‘or indirectly through energy
migration. All these phenomens are expected to influence the spin
aligmment of triplet states. It is for these reasons that caution

must be exercised in interpreting the spin alignment exclusively in

terms of molecular properties such as intersystem crossing ratios.
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~ of the molecular symmetry (Dah) to the crystal site symmetry (Ci) in TBB

13-

Finally as in durene the Aﬁ spin sublevel remains completely in-

‘active in the electronic origin in TBB single'érystals. The reduction

17,18,19

'doés notiseem to be an important consideration in analyzing the data.

il

;If crystal field effects were important the Au spin sublevel (TZ) state

ﬁight be expected to gain dipole activity via the reduction of the
molecular point grouwp, parficularly in view of the strong dipole activity -

of Au_to the~b‘1g and b2g vibrations. -

C. -Interpretation of the PMDR Spectra and Partial Vibrohic Analysis'

of Single Crystal TCB

The emission and excitation spectra of TCB at‘h.2°K.have been re-;
ported_by George and Morris.eu"At,h;edK TCB shows intrinsic exciton
emissioﬁ as well as emission from two distinct traps. Emission from the
deeper trab (y-trap), 48 cm™ below the excitoh_origin, can be sub-

31

stantiaily enhanced by doping with other halogenated benzeﬁeé whose
lowest triplet states are at higher energies. The second trap (x-trép)
is 22 cm’% below the exciton band.and shows practically no emission at
4.2°K; however, at 1.35°K these traps are responsible for almost all
the phdséhorescénce; Thé x-traﬁvis not énhanced b& the addition of |

chemical impurities, but shows a markéd dependence on the method of

érystalvpreparatiqn and, accordingly, is thought to be:mechanical in -

origin;f

The zero-field transitions and spin Hamiltdnian parameters for
. o \ !

the exciton, y-trap and x-trap have been reported earlier by Francis
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and Harris.?s The results from a s1ngle crystal unpolarlzed PMDR spectrum
at 1. 3°K of TCB and the relatlve 1ntens1t1es of the respectlve transi-
tlons_are l;sted in Table V. For the purposes of th;s-dlscuss1on_1t will
be»snfficient to consider only the electronicvorigin (0,0), arsingle b,
fnndamental (0,-233 cm™t) and'the'blé fundamental (O,-363‘.cm'1);32
The fact.that the phosphorescenoe to the originvincreases for.both
the D+IEI and D- ,E] microwave tran31tlons while 1t decreases in the 2|El
PMDR establishes one of the follow1ng relations: (a) the spin sublevel
oammonuto the D-|E| and 2|E| transitions (T ) is most active‘to the
origin and the population in Tii is greater than that in T (the spln :
subievel oOmmon to the 2]E| and D+lEl transitions) and the populatlons
are ordered N > N >vNi; (b) L has a larger dipole act1v1ty to
the origin than Tii or Tiii and‘the populat;onsvare ordered Niii > Ni > Nii;
‘or (c)jtiii, the.spin sublevel common‘to both the D+|E| and D-|E| zero- |
field transitions has the largest di'pole activity to both the origin and
the b2é>vibration and the populations are ordered.Niii'> N> Ni.(‘The
second possibility (b) can be ruled out by the fact that all three zero-
field microwave transitions result in an increased phosphorescence to
bgg and that the largest change is'associated with the'D+fE, transition.

If Niii were greater than both N and N 5 then at least one Zero- fleld

'transition would result in a decreased b2g phosphorescence or if all

microwave transitions resulted in an increased bég'phosphorescence; : L

then the D-IEI transition should produce the largest change, which it

did not. -
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In order to distinguish between possibilities (a) and (c¢), an

7

'experiment similar to those»dereloped by van der Waals and cOAWOrkers

- was performed. ' After removing the exciting sourCe, the phosphorescence

was allowed to decay for approximately 40O mseec, at which time the re-

5mainingvpopulations of Tl and Tiii were inverted via adiabatic fast

| passage through the D+IEI transition using the method of Harris and

Hoover.ee_ The same experiment was repeated,for_the D-IEI transition.

- In both’cases the origin phosphorescence intensity increased upon inver-
sion. Since no signal could be detected nnder'the-same conditions when
fast passage through the 2|E, tranSition was attempted one must conclude

that 5 and Tl. have total decay rates much faster than Tlli and that

" the steady state populations are ordered N,.,, > N,, > N..
Sl . v ii1 0 Tii . i

These experiments also provide the decay'constants for 7., T.. and

'Tiii and the ratios of the radiative rate constants from the individual
spin sublevels to the electronic orlgin and the b g v1bration. These"
are listed in Table V according to the assignments made in the folloning
discussion. |

1It is apparent that thevspin sublevel'Ti“is primarily responsible

for_the'phosphorescence intensity in the electronic origin while Tii

contributes principally to.the beg vibronic origin. Although the phos-

* phorescence decay and inversion experiments were not performed while

monitoring'the b e fundamental it is apparent from the PVMDR spectra
that the largest phosphorescence change is observed while saturating
the D+IEJ transition and the smallest change while saturatingvthe EIEI

transition. Therefore, like the b?g vibration, blg is also most actilve

k3
'
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fiom thé Ti‘sﬁin sublévgl; Thére.is‘ﬁo'efidenCe'éfphosphorescénéevto
thé b2g vibfonic origin'from the Tiii spin’suble#ei in either the PMDR;
expérimentshor in the decay experiments. |

, An;éssignment of the spin-orbif symmetries of the mﬁgneticlsﬁblevels

can be made if one assumes that the lowest triplet state is nw* in charac-

33

“ter. The vélue 6f the zero-field parametér D typicél of most'nﬂ* states
lends stfong suppoft to this assumptibn. _Furthérmore, there_are no known
benzgné‘derivativés whose loWeétvffiplet stateAchrespdnds'to ni* (orb : | o
o) symmetry.” Assigning ?i as A, T, 88 B3uvaﬁd Tiig 85 By is the

most consistent although the assignment of Tiii is’somewhat speéulatiﬁe
since it is based only ﬁpon negative déta. 'As Will be discussed in:

section ,G, the magnitude of the zero-field parameter E is cénéistent. . !
with this symmetry and in fact provides complementary.evidénce for the
assignmenf. The overall orbital symmetrylof the tfipiet'stgte,as in

TBB, wbuld;appear to be 3Blu. :

D. Interpretation of the PMDR Spectra and Partial Vibronic Analysis o i

'of'TCB Doped in Durene

Although a partial polarized PMDR study of TCB doped in durene has

25

already been published; no explicit vibfonic,analysis of the phospho-"

rescencevspectra waé presented. _The phosphorescenée spectrum in~durehe,7

however, is practically identical to.that'reporfed by George and Morr:i..se’+
for thé single crystal. Utilizing the FMDR datanalready pubiishedes‘in

- addition to thevdaté collected in the course éf the present investigation;

it is possible to, as in the pure crystal study, determine the relative a

spin sublevel order and the relative population_order.
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It was found = that the phosphorescence intenéity of the electrenic

origin increased in the D-|E| PMDR spectrum and increased in the 2|E|,

the reverse of the single crystel behavior. No resonance signal could
be‘dbserved for the D+|El transition monitoring either thevelectronic

origin or the bzé vibronic origin. These observations are consistent

with the>5pin-orbitvsymmetry assignments derived from the single crystal

data with a change in the relative spin sublevel populations (vs. neat

'TCB) such that Nojs >Ny > N, The fact that no PMDR under steady state

eonditibns\could be observed for'tne D+|EI transition strongly suggests
that Ni ::Niii. Table V summarizes the approximate mégnitudes of the
PMDR changeS'for the vibronic transitibns undef consideiation.
Tne Tiii;e g mieroweve transition moment hae been reported as
34

z poiarized; however, the ‘method~ used in this measurement can be

Vsubjeet'to error because of the peculiar mode‘patterns of slow wave

heliceé. It is known that the mode pattern supported by slow wave
helices can result in an rf Hi field which need not be parallel to the

axis Qf.the helix for all operating conditions.35'

Indeed, in some .
modes greater Hi fields can be supported perpendicular to the helical
axes or even radially outside the helix and these'variations'are fre-

quency’dependent, Accordingly; the data from such exPeriments must be

"cautiously interpreted, particularly when the helix is not impedence

matched to the coaxial line.



E. Spin-Orbit Coupling Mechanism

The phosﬁhorescenée’spedtra of TCB and TBB ére similar té those of

36

préVibusly studied halo-dérivatives of naphthalehe' in that the Spectrum
méy be divided into two sub-spectra, one based @ the electronic origin
(sub—épecﬁrum I).and the other based on anviptense bég vibronic.origin

v involving an out-of-plane é&rbon-halogen‘bending_fundamentai (sub-
spectrum II). Although some ambiguity exists in the identification of
the fundémental responsible for the vibroﬁiéally induéed'intensity in
ﬁhe naphthalene derivativeé, the'ﬁode'is unambiguouély identified for

the halo—derivatiﬁeé of benzene. As in the naphthalene derivatiVes, the

two sub-spectra are oppositely polarized; howeVer, the vibronically

induced intensity is.appréciably gfeater tﬁan the intehsity‘associated.
with the_spectrum based on the electronic origin. In the derivatives
of naphﬁhaienéfthe two sub—spectra(share the foﬁalvpﬁosphoresééhce
intenéity about equally..th both cases the diiision of‘tbtai phosphorescence
intensity between the two sub-specﬁra»is mdre 6r“less insensitive to the
atomic humber of the halogen substituent. |

If multicenter integrals.are-neglected, it can easily be.demonstrated
that direct spin-orbit coupling,between stateé of similar orbital con-
figuration is iﬁeffective in piaﬁar aromatic moleéuies.37 fhe practical
consequenCe.of this,fact iS‘that'effecti§e spin-orbit coupling of the |
lowest triplet wr* state ihvolves only high energy singlet On¥* states.
The nn*vstates possess a ﬁode iﬁ ﬁhe plane of the ring and cdnseqﬁently,

for a molecule with-D2h symmetry, must transform orbitally as Blu, Bzu’

Ag or Bzg" All on* states or ni* states in the event a heterqatom or
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,SUbstituent with ocCupied non-bonding orbitals is'nresent must transform
Ias.A ; B ‘, B g‘or B g; Of these states, tranSitions from the totally
symmetric ground state are allowed by electric dipole selection rules
only to the B3u’ and it is for this reason that in the majority of
hydrocarbons the lowest m* state gains electric dipole activity via
direct spin -orbit coupling with a B state.

Sub-spectra I and II are easily separated by their different 2|E|
FMDR benav1or, as shown clearly in Fig. Sb'for TBB, All features which
increase in intensity (except the blg vibrations and overtones) belong
to sub-spectrum I, and those which decrease, to sub-spectrum II. If we
confineNOur attention for the moment only to the'electronic origin and

. assoc1ated totally symmetric v1bronic features (i. .e., sub- spectrum 1)

of TCB and TBB as observed both in emission and absorption and thereby
eliminate SPin-vibronic and vibronic-spin—orbit coupling mechanisms,
' the data are quite consistent witn the BBiu assignment. The_active spin
sublevel"transforms as B3u (Ty)iand gains electric dipole activity .in
both emission and absorption by direct spin-orbit coupling'withba higher
lying leu’ on¥* or nn¥* state. ,Allowed singlet character admixed in
this fasnion is presumably distributed; according.to the Franck-Condon
trincible, between the electronic origin and the several active_totally
symmetric vibrations. ‘Tt is clear from the PMDR data that essentially
all'of'the sub-spectrum I intensity is deriyed exclusively in_this
manner.

:sub-spectrum'II must gain‘electric dipole activity via either first-
order spin-vibronic or second—order vibronic-spin-orbit interaction.

The first process is neglected as a small interaction. Since. the vibronic
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features-of'sﬁb-spectrum II are in-plane y polariZed,'the,adﬁixed singlet

2u

states must be 'B . and mm* configurationally;, The importance of vibronic-

spin-orbit coupling with Tk states, relative to direct spin—crbit

coupling with'cﬁ* and nn*vstates,'iS-largeLy & result of the'lower'energy

/
‘and larger electric dipole transition moment assoclated w1th ﬂﬂ* states

involved in the former process. o : : S

A small amount of in-plane 1ohg axis (2) polarized phosphorescence
induced by.blg modes implies SOme.vibronic-spipforbit coupiing to lBiﬁ
(mm*) states. The greater vibronic actiyity'induced by bég modes. as
compared.to big’modes is partially a consequence of the blg vibrational

deficiency. - -There is only one blg fundamental and this involves,

principally, a C-H out-of-plane bend, which isrnot,expected to be '
N

'effective in inducing vibronic activity. DNo b3g'fﬁndamentals or

combinations are observedvin the phosphorescence sPectrum of TBB cr TCB.

 The threethg fundamentals,-which'involve in-plaﬁe displacements,tmay .'
be effectiﬁe in vibronic-spin-orbit coupling with iBsuv(Gﬁ* or‘nn*)
states via T, (A ). This interacticn, however; Wiil'be at ieast an
order of magnitude less effectlve than the dlrect spln orblt coupllng
V1a T (B ) which glves rise to sub- spectrum I. From the Raman data,
however, ass1gpment for the ng modes are‘made. A careful.examlnatlon

of the high,resolutionAphosphorescence spectra iﬂ Fig. 5 reveals very'

weak trans1tlons at the appropriate wavelengths. These are tentatively .

assigned as bBg vibrations and are indicated in Fig. 5a by the arrows (4)

beneath the spectra. The transitions are too weak to_studvaith PMDR

methods'withcut the use of time averaging techniques.
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A'suﬁmary'of the spin sublevels responsible for the major éﬁd minor
vroutesdin fhe phosphorésceﬁce spectra of TBBvand.TCB is present in
Figure 8, The mdjor routes are indicated with_a heavy line while the
minor Qoﬁtes are indicated with a dashed line.:'An‘important feature
common to both TBB and TCB is that the 7, (A ) spin sublevel which is
.dlpole forbldden to the d.ectronlc orlgln is most strongly spin-orbit
coupled to the 31nglet states. This accounts for the fact that the b g
vibronic origin is more 1ntense than the electronlc origin even though |

'vibronic-spin-orbit coupling is expected to be sma;ler than spln-orblt

oniy.

F. Geometry of the Excited State

The appearance of a progression in a non-totally symmetric vibration,
- with the maximum inténsity in other than the_first member, has
béen'taken_as evidepée of a change of geometry'dn the éxéited electronic
state.38v The progression forming vibration is one which transforms as the
totélly symmetric irreducible repreSentation of the new excited étate:
point‘group. While thié is generally true for‘trans;pions between the
grouhd‘state (assumed to be a singlet) and nod-degenerate singlet stétes
observed gither in absorﬁtion or eﬁission,_these conclusions cannot be
directly extended to transitions between the ground state and excited
'triplet states because.of fhé consequences of the triplet state spih

degeneracy. The appearance in phosphorescence of an apparent progression.

in a non-totally symmetric vibration, with the maximum'intensity in

s
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either first or secoﬁd member and 5 prbnéuncéd aiternation in the inﬁensity
of odd and even members of the'progression can;arisé from.different spin ,
sublé&els cont?ibuting to the even and odd members. This could easily
ariée f6r éxample in a molecule of sz qr D2h symmetry.with two spin
sublevels.differing in fotal symmetry by the sbecies of a vibration, v.
If.a transition between one of these,sfin'subleVéls, Ti_and the ground'.‘
state is allowed by electric dipole sélectiqn rules, then even quanta

of the vibration - may appear as totally symmetric harmonics. Transi-
tidns_from the sedond spin sublevel, Iii,_may.cf mey not be allowed by

- electric dipole selection rules, but since Tv ¥VFTii'= PTi ,
vibronically iﬁduéed components-may appéar"for:odd quanté of the ndnr
totallyféymmetric vibration, Since vibrqhically induced intensity is,

in general; an 6rder of magnitude less intense than elecfrié dipoie allowed
intensity;'one might expect the intensity maximum to remein in the elec-.
“tronic origin, With the even quanta more intense than the qdd; If; E
however, the spin sublével which:gives rise to thé‘vibronicall& induced
intensity'(odd members of the prdgression) has_the larger.steady stéfe
population,and the largest_total singlet charaéter effeqtive.in electric
dipole activity to the ground state,then the inﬁéﬁsity maxiﬁum coﬁld'
appéaf in the first mémber of:the.prbgressibh éith'the odd members mofe

intense than the even.

Several examples of D_p molecules which exhibit this type of
unusual progression activity'iﬁ phosphorescence are provided by-l,ﬁ-

dibromobehiene,u l,LL—d:'Lchlorobenzene,?LL and the two tetrahalogenated



moleculeS'discussed'in the present.paper.‘ Common to the phosphorescence
spectra of all these molecules is the presence of a progression in the
carbcn-ha}ogen, b2g out-of -plane bending mode.??:“OIThe progression {s-most
pronoumce;i in i,h—dibromobemzemeu where it may be followed through 17 |

members, with a clear alternation of intensity between the odd and even

guanta. The intensity maximum is in the first member of the progression -

~and a satisfactory amalysis may be'made'in terms of two interpenetrating

progreésions without invoking a change of geometry in the excited state.

In‘thejremaining molecules the progression is far less pronounced, num-
bering,oﬁly 4 to 6 members. An alternation in intensity is still ap-

parent and the intensity maximum in all cases occurs in the first member

'cf'theuprogression. In each of these compounds, then, it is possible

to obtain a satisfactory vibronic analysis assuming an undistorted excited
state»éecmetry with at least two active spin sublevels giving rise to two
interpenetrating prcgressions, one of even quahta and one of odd quanta»

with the Franck-Condon maximum11L in_the first member respectively. The

PMDR spectra of TCB and TBB clearly indicate that the odd and even

members of thls progression originate from different spin sublevels.

In the 2]El PMDR spectrum of TBB, for example, even members of the
progres51on increase in intensity and odd membere decrease, indicating
different zero-field crigins and from the PMDR analysis the even'members
and cdd members originate from-the_B3u (Ty)‘and Au (tz) spin sublevels

respectively. ‘Moreover an analysis of the radiative rate constant ratios

in TCB (Table V) indicate that the Au'( T‘_Z) spin sublevel has approximately :

four times the 31nglet character of the B (T ) spin subievel. This



-2k :

'appears_to'hersufficient:for'the:b2g>Vibronic origin tofappear more'
vintense than the electrohic origin in the l.3°K phosphoréScence spectra.

An interesting feature of the phosphorescence spectra of TBB (neat)
at h 2 K 1s the disappearance of the 1.3° K trap origln and the appearance
of at least three distinct overlapping spectra each having different

electronic origins and showing the same b progression, but each hav1ﬂg

2g
the Franck-Condon maximum in a different member. - These are illustrated
in Fig;‘6,’ The spectra labeled by (**) consist of an electronlcborigin
and an‘alternating progression of-bgg vibrations that can be followed

out to. eight members. .The Franck-Condon.maxima of hoth the even and odd

members occur in O- -2v; and O0-v, respectively : The second spectrum 1s

labeled. by (o) and consists agaln of an alternating b g progress1onp

that can be followed out to ten members; however, the Frahck-Condon;makimav
in the even and odd members occur in fourth,and.fifth:members respectiVely.
The third spectrumiis labeled by «5) and can be folloWed out‘to thirteen
members of ab g'progression. In this spectrumvalternatioh is Observed
only near the Franck-Condon maximum, the eighth for the even members and
the ninth for the odd members. Flnally other spectra can be seen that
have their electronic origin at even lower energy than_those above and
having Franck-Condon_maxima in 'even higher members. The broad maximum:

in the phosphorescence intensity around 4200 )y has.beenvtaken'as evidence

for eximer interaction in the triplet state. An interpretation consistent

with the above observations is that the three overlapping spectre represent

three distinct traps, each being distorted in the excited triplet state.

Apparently the deeper the trap the greater is the dlstortion Judging from
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relative Franck-Condon maxima in each progression. It is not clear why the
l.3°K'origin shows no evidence for distortion uhléss the gatureof trap -
plays an important role:in determining the excited state geometry.

Anothef unusﬁal feature of the'épectra of TCB and TBB is the complete

 lack ofﬁmirror imagé‘symmetry between the phoéphorescence and absorption

. : - 2L .
to. that obtained for TCB by George and Morris, and consists principally

of an intense electronic origin and several vibronic features whose

polarizations are the same as totally symmetric excited state fundamentals. :

Even though there is a s@rdng vibronic progression in a totally symmetric
vibration in absorption; the vibronic origin involving the bzg carbon-
halogen out-of-plane bond which is the most p rominent feature of the 1.3°K -

phosphorescence spectrum is scarcely evident in absorption. The lack of

S mirror image" symmetry can be in part due to the enhancement of sub-spectrum

II relative to éﬁﬁ;speétrum Iin phosphores;énée if:tﬂéméépulation’in'the
Aﬁ (sziéﬁin‘sgblevel-is sufficiently larger than in the Bzu (Ty) spin
sublevel. Since the popﬁlations of the individual spin sublevels are a
factor in determining the total phosphorescence intensity of a particularl
vibronicfféature, but are not a consideration in the absorption spectfum,'

this could account in part for the observed différences between emission

and abéofption. Although it has been demonstrated that sub-spectrum IT

originates from the A, (TZ) spin sublevel which has a larger steady

statevpépulation than the B3u (Ty)’spin sublevel which is responSible

for sub-spectrum I, an explicit analysis of the differences must include
differénces in the b2 vibrational wavefunctions in the 3Blu state and

the vibronically coupled 3B3u state.
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G. Interpretation of-the Spin Hamiltonian Parameters of TBB and TCB

- The structure associated with zero-field eleétron spin transitions
of phoéphoreécent triplet states can be understood in terms of a spin
Hamiltonianjwhich‘includes'the electron spin dipolar interactions in the.

form of the zero-field Hamiltonian, HSS’ the nuclear quadrupole inter-
“actions and nuclear—electronvhyperfine interactiohs,'HQ‘and HHF’

respectively.

1. Nuclear quadrupole interactions in the excited Znn¥ states.

The description of the spin ﬁamiltonian fbr mélecﬁles yith half
infegral nuclear spin such as chlorine (1 = 3/2) qr'broﬁine (I =3/2)
has been treated expliqitly by Buckley and Harris for the 3nn*_stgte of
8-chlorbquinolinel+3 and l,li-dichlorc:»'bemzrené.l)+ The iﬁportant features of
zeroéfieid-éiectron spin resonance méésurements in.ﬁolecules cdntaining
nuclei‘whose spin is greater than 1/2 is that it ?rovides a straight-
férward‘method for obtéining excited stéte field‘gradients via nuclear

Ss-and HQ depend upon the

s

S and I° operators, respectively; the nucléar quadrupole splittings

quadrupole interactions, HQ. In short,‘since H

appear in zeroth order as'satelliteSjsplit;from the major zero-fiéld
/electrén spin_transition by the huclear quadrupole freQuéncy. Tﬁeéé '
satellites correspond to “forbidden" ﬁransitions and involve simultaneous
changes in the eléctron and nuclear spin states. The presence of a finite

hyperfine interaction at the nucleus is generally sufficient tolprovidé
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;enouéh‘intensity‘into thé sa%ellitesy?ia second—order perturbations and

. under COndifions of high microwave!power they may be observed. Although
the frequencies of_ﬁhese transitions are.shifted by HHF in second order
tne magnitude of fhe‘shift for CL and thyperfine interactions in soe¥
triplet.states are only a few:tenths of_a MHz and-consequently for all
practicalfpurposes theiseparation ofithe satellites yields the nuclear
quadrupole:c0upling constant directly. In the present'investigation,

the linew1dths of the transitions are too broad for any explic1t hyperfine
1nteractions to be determined. It is expected, however, that in the

case of ~°Cl in TCB, the value of the out-of-plane component, Axx’

would be ‘similar to those reported in 3501 for paradichlorobenzenell+ and

k3

8-chloroquinoline, ~20 MHz.'Itvis difficult. to estimate Axx for Br
in TBB as no values for triplet states are available.
Values for ~°Cl and 3-'Cl and 1*N nuclear quadrupole coupling constants

uu3

6
have recently been obtained for molecules in exc1ted triplet states' ?

79

however, no quadrupole coupling consuants‘for Br and lBr have heretofore
been reported These can be obtained from an analysisiof the zero-field .
trans1tions in TBB in Fig. 2, where both the EIEI and D- IEI electron spin
transitions are illustrated. 1In both»cases the-specEra were obtained
monitoring‘the phosphorescence to the electronic origin at l.355K.' The
maximun microwave power level was ~0.03 gauss. At low power only the
electron spin only transitions centered at 6.089 and 7-lQh GHz were
observed;' As the power is increased three seﬁs of “forbidden" satellites
split off the major transition appear. The outer pair of satellites are

split off the center peak by 277 MHz and 230 MHz respectively and

correSpond to simultaneous electron-nuclear tran31tion associated with
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the Br and Br respectively. The separation between the outer pairs
of satellites are in zeroth order the nucleer Quadrupole coupling

79Br and 81 Br respectlvely for TBB in its exc1ted °B 1

cehstants for
state. The inner pair of satellites separated from allowed electron
spin trans1tlon by only L7 MHz also corresponds to 81multaneous nuclear
and_electron spin trans;tlons; however, as has been describedlLL in the
case of other halo substituted benzenes, they are associated with only
melecules.that contain both bromine isotopes.' The frequency seperation

9%

between these satellltes is s1mply the dlfference between the r and
lBr nuclear quadrupole coupling constants. These values as well as
the values obtained from an analy31s of the ODMR spectra 1n TCB both

in durene and in neat crystals are listed in Table VI along with the

correSponding'ground state values.. On the average, in the molecules

studied to date (exeept 1,4-dichlorobenzene) the halogens show approxi-

mately a 4% reduction in their quadrﬁpole edupling constants in.the
excited state. Because the triplet states are nr* (as opposed to om¥)
one does not expect an appreciable change in the carbon-halogen sigme

bonding; therefore, the reduction in the field gradient presumably:

occurs either threugh an increased double bond'charecter in the carbon-
halogen bond in the excited state or through 0-n mixing Via'a.small out -
of-plane (or in-plane) distortion. Although one cannot distinguish
between these possibilities the reduction of the_field gradient by a
molecular distortion seems unlikely in view ef other evidence. The fact

that the spih sublevels active in phosphoreSCence;in TBB and TCB can be

»

completely understood in terms of the molecular point group Déh'supportsthe view
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that there'is no-distortion. Specifically, the A spin sublevel in TBB .
and TCB (in durene) is. completely inactive to the electronic origin as

' expected-in D In the y-trap of,TCB it accounts for/~20% of the dipole

oh*
act1Vity suggesting a reduction of the symmetry to lower order subgroup

3501 quadrupole

of Deh‘ In spite of this reduction in symmetry, the
coupling constants 1n‘neat TCB only differ by l%«from the values in durene.
We would like to suggest therefore that the small (4%) reduction in the

field gradients in the mr* triplet state result from a slight increase in

double bond character.

2. Thevzeno-field splittings:

The ahsoiute signs of the zero;field‘paraneters cannot be easily
determined'experimentally; however, there are good reasons for believing
that,‘like most nr* states of aromatic molecules, the TCB value for D
is‘positive. In addition a positive value‘for‘E is expected with tetra-

substitution in a ;Biu sta.teliz2 It has been shown that the spin sublevels

areuondered T, > Ty >§.EX (or T# >> T > TZ) inwé&é and that these
states-have spin-orbit symmetries Au, Bzu’ and Béu respectively, cor- .
responding to a 3Blu'or'bital excited state. In the absence of spin- -
orbit-couPling contributions to the zero-field splittings the effects
on the zero-field parameters from chlorine substitution to benzene can
be qnalitatively understood from a molecular orbital approach. The
highest occupied molecular orbital in benzene has elg symmetry. In
the p01nt group D this reduces to b - andvblg. Simple firSt—onder

perturbation theory requires thet l,2,h,5 halogen‘substitution will



result in a splitting such that the b orbital lies above the bég.
Sinoerthe lowest unoccnpied'molecular orbitei'in benzene is egﬁ and"

in D h(TCB) this correlates with b_ | g 8nd e, it 'is expected that the
3Blu state will be derlved from the one-electron molecular orbitals

blg and,auf These molecular orbitals have a noqal_plane'through the
positions 3vand 6; consequently; the spin da1sity from the unpaired
electrons in b 18 and"au is located principaily‘ontcarbonsvl, 2, 4 and
5. This is illustrated in Flg 9 in the coordlnate system adopted.

The net result of this spin dlstrlbutlon is to produce a large spin
dipolar repulsion between the unpaired electrons along~the z direction
from carbon 1:2 and Q:SAinteractionsg_eonsequent;y'tz >'Ty. By analogy'
to beniene and from other studies of aromatic molecules in ek tripiet
states;33'the principal axis of the zero-field:tensor is along x andVTx
is the lowest spin sublevel. This simple picture is consistent with |
vthe magnitude of the-Zero-field.parameter E and'all of the PMDR data.

A more detalled description of the relationship of the zero—fleld
paraxeters and the orbital symmetry of substltuted benzenes has been

given by Buckley, Harris and Panos.

The sero-field parameters of TBB-are not so easily understOOd ast'
those of_TCB. Several anomalies need to be explained. First, the values
for both D and E repreSent tpe largest zero—fieid splittings known for
planar eromatic 3nn* states and second, the relative signs of D and E are
different than are found in TCB. As in TCB, considering only the spin- .
dipolar contributions to the zero-field splitting,'one expects a positive

D value and a positive E. TBB, however, must have relatlive 'signs iD";E
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. »iﬁ ordér:fouexpiain the PMDR data. This meansieither T >T, >T

(+D, -E) or . &x E;Tz >>Ty (-D,+E). The very large D value in TBB we
believe reflects a substantial contribution of spin-drbit coupling-to
:the'zéré%field parameters. It has been dgmonstrated that'TZ and Ty
contain most of the dipole acti#ity and thereforé have the largest singlet
adﬁixtures. .If we‘suppoSe thaf the spin-qrbit»pertﬁrbation is principélly
' associatgd with T, and Ty as has beeh demonstrated, it seems possible

that ailérge perturbation could depress the T, and Ty spin sublevels

below the Ty spin sublevel; conSequeptly, the sign of D is reversed.
Given-tﬂe D value for TCB as +0.15 cem~! and for TBB as -O.32’cm'l, the
'increaéed-spin-orbit contributions to D from bromine substitution (vs.
chlorine) would be 0.47 cm™'. This value is at leastvqualitatifely
.'consistenf with the lifetimes of the spin states Ty (1.2 ms) and T, (0.9 mé)
ﬁhich strongly spin-orbut coupled to singlets and the large oscillator

strength (1077~ 107®) of the T, « S, transition.
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V. SUMMARY

ODMR and PMDR studies reported fopiTBE whichvshéw‘that the orbital
symmetry'is ZBlukand that‘the-spin Sublevelsvarevérdered eithér as .
TX > TZ > ¢& vbf Ty > TZ } Txr ?he.large ieroffie;q.yalﬁés.sugée$ﬁ~
that spin-orbit coupling cdntribution;to thé'zeroffield vaiues afe
significant and éré'in accord ﬁith forméf;spin sublevel order. _The,”
major roﬁte  for phosphorescence to the electronic prigin énd all totally
symmétric.vibrations hasdbaeh showﬁ tobbé‘from the\fyf(Bzu).spin~suhiemg; while
the blg and bég vibronic routes resﬁltiprincipally‘from T, (Au); Therev: v
is no evidéhce eiﬁher from the PMDR or ekcited state‘79Br and 81Br nuclear
quadru?olevcbupling constants for a distortion-of TBB'in iﬁs triplet.
state to ? pOint group iower than.Dgh; The ;ﬂbtiﬁgs of‘the Ty énd T,
‘spin sublevels Weré Shown to bé subétahtially éﬁortef than Tx. v

The genéral results fram the'ObMR.and PMDR stﬁdies on<TCB‘are'
essentially the same as in TBB with the exception that the zerb—fiéld
parémetepsican be explained without involvingbspinAOfbif couéling |
contributions: the spin sublevels ére shown to be dr@ered T, > Ty_> T oo
consisteht with simplevorbital arguments. As in fBB ﬁo evidenqe can
be found'for a distorted excited state. |

Finally, the appearance of a progression in thé nqn-totally symmetric
bgg Vibratioﬁs in the halogenaﬁed 5enzenes with fhg.maximum ihtensity “
in other than the first member is explained in terms ‘of the radiative rétes o

and populations in the individual_épin sublevels with a change

in the excited electronic state geometry.

v
i
i
1
]
{
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Table I. Vibroﬁic Analysis of the Phosphorescence -Spectrum of

' l,é,h;5-tetrabromobenzene (l%j in Durene at 1.35°K

‘Frequency (cﬁél)u Diffeiencé (cm'l)f Infensity
26,452 0-0" 2k/5 |
26,244 208 - 73/29

- 26,127 325 113/23
26,035 417 4/2
25,889 623 11/4
25,807 | - 645 ”'2/1
25,782' 670 /2

25,755 677 8/1
25,601 851 7/2
25,58l 868 ,10/3Vv
25,573 879 20/7

25,457 995 2/3.

| 25;326 1126 11/
25,299 1153 6/1
25,ii8" 1334 27/10
25,090 1362 16/5
25,005 k7 - 6/9
2k, 976 1476 3/5.
ol 925 1507 10/2
2k, 905 1547 12/L
o1y, 889 1563 s
24,716 1736 26/13

-

PMDR Code

.+;+/+-%

e/ bt

/04

o-+/0600
Ot/ +++
000/ 000
6-¥/ooo
++0/ +++

OF=/+++

o=/ +++

vo;-/+++

+o+/ o+

+}+/+-+

+-+/0-+
R AT

++-/f++_

+++/ 0+
+++/ 0 -
-——+/--0

ot+-/+o+

" o+-/000

-/ 4+

S

Assignment

0-0 electronic origin
0-208 b, fundemental
0—325 blg fundamental
0-2 x 208 a
0-3 x 208 bgg
0-2 x 325 a

325 g
O-67O'ag fundamental
0-677 b, fundamental
Q-208-2x325 b2g '
0-868 ng fundamental
0-2087670 bgg

0-325-670 blg

0-1126 a, fundemental

0-1153 ag binary

0-208-112“6»10-2g
0-208--:L153b2g

0-325-1126 blg

.0-325-1153'blg |
0-1527 (2)
0-208-2 x670 bgé

- 0-1563 ng combination

0'208'1527'b2g

e e o et et + g g
) ¥
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Table”Ii. Zero-Field Microwave TrahSition Frequencies for

1,2,4,5-tetrabromobenzene and i,é,h,S-tetrachlorobenzenef_

Zero-Fie}d Microwave

Transition
D;IEJA
D-[E|

2|E]

11,876.0 13,190
Theg.5 7104
Wi37.7 . 6086

‘TBB (neat)  TBB(durene) TCB (neat:

y-trap)
5439.8
‘3612.8‘

1829.1

TCB(durene)

- 5hket

"_3681.7

All frequenéies are in MHz

<
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. Table III. Vibronic Analysis of the Singlet-Triplet Absorption Spectrum

Frééueﬁcy (em™)  Intensity
26,734 vvs
26,739. vs
26;7&3_ Vs
26,756 . vvs

- 26,889 W
é6,95ﬁ’- m
27,237 s

'27,274 vvs

| 27,367' : m
27,407 W
27,563 s
27,821 vs

| 28, 381 Vs
28,653 ‘m

28,921-

of 1,2,4,5-tetrabromobenzene at 1.35°K..

Difference

o2
148
220

503
540
633
673
‘831
1090
1647
1919
2187

- 2 x 540

.o kxsko

. Analysis

electronic origin

lattice fundamental

2 x.5jlattice

lattice fundamental

540 3 fundamental

= 1080
3 x 540 = 1620
- 2170
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Table IV. Vibrational,AnalySis'of the Raman Spectrum of Crysﬁalline .

1,2,4,5-tetrabromobenzene.

Frequency_(cm'l)
130
208
211
o
302
410

459

661
672
806
870

1125 

1150 |
1250
1345

1529
1543

«Intensity

iOO+'
26
25
83
38

29

39
73
1k ‘
13
75
40

18
22

35
68

- Assignmentfi

'agffundamental

b

2g

b
3

fundamental

fundamental

\vagfmmmmMml

b

2 x 208 (ng)‘=”h16 8
2 x 224 (a_) = LB a
- el g

or b
' 3

fundamental
18

'_ag fundamental

b2

~b_ - fundamental
3g

. fundamental

b_ . fundamental

=g

aé'fundamental

672 (b,,) + 459 (b)) =

130 (ag) + 1125 (ag) =
12 b
25 2, OT by, fundamental

208 (bég) + };25 (ag) =

1131 pig

8, fundamental

b

38

fundamental

fundamental

Method

Raman
Raﬂén-PMDR
Ramah
Ramén

Raman-PMDR

Raman-PMDR

Raman -

Raman-PMDR

Raman—BﬂDR

Raman

Raman-PMDR
Raman-EMDR

Raman =

Raman

Raman;PMDR :

‘Raman-PMDR

Raman
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Table_V. Summary of the ODMR and PMDR Results for 1,2,L4, S-tetrabromobenzene

and 1,2,4,5- tetrachlordbenzene.

TBB (in durene) -TBB (neat) TCB (in durene) TCB (single
' : crystal y-trap)

, (em™t) (cm™t) -V(cm'l)’ ~ (em™t
(Electronic 26,452 26,699 26 , Lilyx 26,626
| origin) o S |
‘b origin  (-325) (-333)  (-351) (-363)
b origin (-208) (-209)  (-e3w)*  (-233)

D+|E| PMDR (relative intensity)

8y ~ See Figure 3 +15 . 0 42
b | " 42 0 | +3
bgg " +5 0 - +15

D-lEl,PMDR,(reletive intensity)

8y (origin) See Figure 4 -9 - 48 : +12
blg . o 1" ‘ 42 0 +3
b2g " . | +9 0 | +15

2|E| PMDR (relative intensity) .

2 See Figure 5 . -2.5 +10%* . -19
& ' " 0 1w ' 43
e o e s

Total deeey (1/e)

700 ms* 860

T, | C . 13+ 1 @sll ei ‘ —-‘.1 _ ~ * 15 ms
v 1.22 = .05 ms -- _ , 33 ms* 28 + ; ms
' T, 0.95 * .05 ms- -- ' - 37 ms* 22+ 1 ms:
Relative Radiative Rate Constents \ - _ ,
v (a) <ol B <o
@) . 2 B -
'z (ag) ;‘ : ' Q‘ o - »‘: - » -
Tx_(bgg)', \ - < 0.1 -~ - -- . <0.1
Ty (bgg) ‘ :0 : — | : -
Tz (bzg) 2 ST -

* Data from Reference 25. »
x% Data essentially the same as in Reference 25. .
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Table VI. Nuclear Quadrupole Coupling Cénétants_

 Excited Triplet State - Ground State MNucleus

TBB (Neat) ‘ 280 + 7 MHz o 288 Miz* " | gy

.TBB\(iq.ﬁurene) - 277 + 2 Mz ‘ | ) S T

TCB (Neat) 34.8 £ 0.5 MH; v", | 36.7 MHz** ',3501
+ 0.5 Mz o1

TCB (in Durene) o 35.2

* From Reference k.

KX From'Reference.MSf
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Figure 1

Figure 2

-

FIGURE CAPTIONS

1435°K,phosphorescence spectra'of_l,2,h,SQtetrabromobenzene

'ein'durene:’_arrows below spectrum(a) indicate tentative b

vibrational assigmments.
(a) unpolarized
(b) polarized parallel to the durene a axis

(¢) polarized parallel to the durene c' axis

Zero-field optically detected magnetic resonance spectra of

1,2,4,5-tetrabromobenzene at 1.35°K obtained monitoring the

electronic origin phosphorescence.

(8) 2|E| microwave transition centered around 6086 MHz

() D-IEI microwave transition centéred around 7104 MHz

- Figure 3

Figure'ke

The.D+|E| PMDR spectra of_l,2,&,5-tetrabromobenzene in

durene at 1.35°K.

(a) unpolarized

(b) polarized parallel to the durene a axis

(c) polarized parallel to the durene c' axis

The D-|E| PMDRvepectra of l;é,h,5-tetrabrom6benzene.in
durene at 1.35°K. | | |

(a) unpolarized

(b) polarized parallei to the durene’e-exis

(¢) polarized parallel to the durene e'_axis

N



B

-45-

‘_Figure 5 The 2|El PMDR spec£ra of’1,2,&,S-tetrabromobenzene in
- durene at 1.35°K. | |

(a)  unpolarized

(b) polarized parallel to the du.:.renvev-a axis

(c)  polarized parallel to the durene c' axis

Figure 6 The'h.2°K'phosph6rescenéé-spectrum of neat 1,2,L4,5-tetra-

- bromobenzene.

Figure 7  The 1.35°K polarized T, « S, - absorption spéctra'of
1,2,4,5-tetrabromobenzene. |
(a) and (b) polarized parallel to c'

(e) polarized parallel to a

Figure 8 Primary and secondary rddiative foutes in phosphorescence
from 1,2,4,5-tetrabromobenzene in durene and from the y-trapv'

of 1,2,4,5-tetrachlorobenzene.
Figure:9_. The symmetry and spin density distribution in the blg_and au

one-electron molecular orbitals for 1,2,4,5-tetrahalobenzenes.

~
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D+IEI PMDR: 13190 MHz
1,2,4,5-Tetrabromobenzene in Durene
1.35°K

(a)

(c)
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Pr?ima_ry and secondary radiative routes in
| 1,2,4,5-tetrabromobenzene and |,2,4,5-
- tetr’ochldrobenzene phosphorescence.
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__;_ﬁ'.og(0,0) o _.__1iqg(o O)"
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Symmetry and spin density distribution in
I 2,4,5 tetrachlorobenzene one- electron |
o mo|eculor orbltals
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' Fig. 9
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or

‘responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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